AKT preserves stallion sperm viability and motility by inhibiting caspases 3 and 7, 2014, Reproduction, (148) DNA oxidation or sperm DNA fragmentation changed when Akt was inhibited. It is concluded that Akt is needed for intactness of membrane and motility in ejaculated stallion spermatozoa, presumably acting by inhibition of caspases 3 and 7, which would prevent progression of spermatozoa to an incomplete form of apoptosis, for which we hereby propose the term spermptosis.
INTRODUCTION
Artificial insemination using chilled transported semen is, with most breeding registries now accepting this reproductive technology, widely used by the equine industry (Pena FJ 2012) . However, the viability and potential fertilizing capacity of cooled stallion spermatozoa last only for a few days or, for some individuals even only hours (Macias Garcia et al. 2012) . Apoptosis, is a form of programmed cell death executed by a family of cysteine proteases termed caspases acting via two major pathways; the intrinsic activated by cellular stress and originating by liberation of mitochondrial pro-apoptotic proteins that activates caspase 9. The other pathway is extrinsic, triggered by death receptors that after activation by their ligands leads to cleavage of caspase 8 (Aitken et al. 2011) . Occurrence of apoptosis in ejaculated spermatozoa remains under debate. The theory of abortive apoptosis considers apoptosis in spermatozoa as remnants from previous spermatogenesis (Sakkas et al. 2002) , on the basis that spermatozoa are terminal, transcriptionally silent cells. Such theory is in turn questioned by facts emanating from the finding that biotechnological procedures such as cooling storage and cryopreservation, induce features typical of apoptosis in ejaculated spermatozoa (Moran et al. 2008 , Ortega-Ferrusola et al. 2008 , Ortega Ferrusola et al. 2009 , Said et al. 2010 , Aitken et al. 2012 thus suggesting that apoptotic phenomena can be triggered after ejaculation, particularly those related to its intrinsic pathway (Pena et al. 2003b ).
Unraveling whether apoptosis does indeed occur in ejaculated spermatozoa may have tremendous implications for reproductive biotechnologies in humans or animals where sperm manipulation for ART´s is rather extended (Pena et al. 2006 , Ortega-Ferrusola et al. 2009 ). Akt , also referred to as PKB or Rac, plays a critical role in controlling survival and apoptosis in somatic cells (Hers et al. 2011) , and growing evidence suggests that is also involved in the regulation of sperm motility and survival (Aparicio et al. 2005 , Aquila et al. 2007 , Koppers et al. 2011 , Parte et al. 2012 . Although the first component of this pathway, PI3K has been the subject of several studies in sperm biology, Akt has received less attention despite that recent research points out Akt as a key factor for sperm survival after ejaculation; acting suppressing sperm capacitation and preventing the spermatozoa to enter in an apoptotic cascade leading to sperm senescence and finally death (Pujianto et al. 2010) . Moreover, we have recently demonstrated that sperm death occurring during conservation of stallion spermatozoa also involves apoptotic related phenomena, both after cryopreservation (Ortega-Ferrusola et al. 2008 , Ortega Ferrusola et al. 2010 ) and chilling (Macias Garcia et al. 2012) . In view of these evidences and in order to determine the role of Akt in the regulation of survival of ejaculated stallion spermatozoa, we investigated whether Akt affected stallion sperm survival using a specific inhibitor and phosphoflow cytometry approach, that is the use of antibodies against phosphorylated forms of a particular protein and detecting those using flow cytometry (Tazzari et al. 2002 , Krutzik et al. 2004 , Schulz et al. 2007 , Schulz et al. 2012 . The results indicated that survival of ejaculated spermatozoa was regulated by Akt through the inhibition of an apoptosis-like mechanism. Such mechanism, as previously proposed in humans (Aitken et al. 2011) , may relate to the silent removal of defective spermatozoa from the female genitalia (Lessig et al. 2007) . If proven similar, such a mechanism conserved over species would make the equine spermatozoon a suitable model for human spermatozoa, particularly in relation to studies of defectiveness and preservation, areas less explored in human. Moreover, the utility of a phosphoflow approach in the study of sperm biology is evidenced.
MATERIAL AND METHODS

Reagents and media
Ethidium homodimer, 5,5',6,6'-tetrachloro-1,1',3,3' tetraethylbenzymidazolyl carbocianyne iodine (JC-1), Mitrotracker deep Red, YO-PRO-1, Caspase 3 and 7 detection reagent CellEvent, Cellrox, MitoxSox Red, Sytox Green and TUNEL assay were from Molecular Probes (Molecular Probes, Leiden The Netherlands), Akt inhibitor SH-5, and OxyDNA assay kit were from Calbiochem (San Diego, CA), Akt 
Western Blotting
Stallion semen was centrifuged and washed twice with PBS. After washing, sperm cells were sonicated for 5 sec at 4 ºC in 100 µl of Lysis Buffer consisting in 50 mM Tris/HCl, pH 7.5, 150 mM NaCl, 1%
Triton X-100, 1% deoxycholate, 1 mM EGTA, 0.4 mM EDTA, a protease inhibitor cocktail (Complete, EDTA-free), and 0.2 mM Na3VO4. The homogenates were clarified by centrifugation at 10,000 xg (15 min, 4°C) and the supernatant was used for analysis of protein concentration followed by dilution with 4× SDS sample buffer. Proteins (25 µg/well) from stallion sperm lysates were fractionated by SDS-PAGE using 4-20% polyacrylamide gradient gels and transferred to nitrocellulose membranes. After blocking, membranes were incubated overnight at 4 °C with anti-pannexin-1 (1:1000), anti-pAkt Ser 473(1:1000), and anti-pAkt Thr 308 (1:1000 
Sperm motility
Sperm motility and kinematics were assessed using a CASA system (ISAS Proiser Valencia Spain) (Pena et al. 2005a , Nunez-Martinez et al. 2007a , Gonzalez-Fernandez et al. 2009 ). Semen was loaded in a
The analysis was based on the examination of 25 consecutive digitalized images obtained from each field 
Simultaneous flow cytometric detection of active caspases 3 and 7 and active mitochondria
CellEvent™ Caspase-3/7 Green Detection Reagent is a fluorogenic substrate for activated caspases 3 and 7. The reagent consists of a four amino acid peptide (DEVD) conjugated to a nucleic acid binding dye.
This cell-permeant substrate is intrinsically non-fluorescent, because the DEVD peptide inhibits the ability of the dye to bind to DNA. After activation of caspase-3 and caspase-7 in apoptotic cells, the DEVD peptide is cleaved, enabling the dye to bind to DNA and produce a bright, fluorogenic response with an absorption/emission maxima of ~502/530 nm. One important advantage of this assay is that no wash steps are required avoiding cell losses during washing. The following stock solutions; CellEvent (2mM in DMSO), ethidium homodimer (1.167mM in DMSO), mitotracker deep red (0.5M in DMSO)
and Hoechst 33342 (1.62mM in water) were prepared. Spermatozoa (5x10 6 /ml) in one ml of PBS, were stained with 1L of cell event, 0.3L of Hoechst 33342 and 0.3L of Mitotracker deep red and incubated in the dark at r.t. for 25 minutes, after that 0.3L of Ethidum homidimer were added and samples were incubated further five minutes and samples were immediately run in the flow cytometer. Representative cytograms of the assay are placed in figure 2. Since cryopreservation induces caspase activity in stallion sperm (Ortega-Ferrusola et al. 2008 ) cryopreserved samples were used as positive controls (figure 2) for caspase 3 and 7.
Evaluation of mitochondrial membrane potential (m)
The lipophilic cationic compound 5,5',6,6'-tetrachloro-1,1',3,3' tetraethylbenzymidazolyl carbocianyne iodine (JC-1) has the unique ability to differentially label mitochondria with low and high membrane potential (Pena et al. 2003a , Ortega Ferrusola et al. 2009 , Ortega-Ferrusola et al. 2009 ). In mitochondria with high membrane potential, JC-1 forms multimeric aggregates emitting in the high orange wavelength of 590 nm, when excited at 488 nm. In mitochondria with low membrane potential, JC-1 forms monomers, that emit in the green wavelength (525 to 530 nm) when excited at 488 nm. For staining, a 3mM stock solution of JC-1 (Molecular Probes Europe, Leiden, The Netherlands) in dimetylsulfoxide (DMSO) was prepared. From each sperm sample, 1 mL of a sperm suspension in PBS (5 x10 6 /mL) was stained with 0.5 µL JC-1 stock solution. The samples incubated at 37 °C in the dark for 40 minutes before flow cytometric analysis.
Determination of DNA oxidation, 8-oxoguanine assay
This assay is based in the direct binding of a fluorescent probe to the DNA adduct 8-oxoguanine (OxyDNA Assay Kit, Calbiochem), a major oxidation product and an important indicator of free radicalinduced DNA damage and oxidative stress. The assay was performed according to manufacturer instructions and following previously published protocols (De Iuliis et al. 2009 , Koppers et al. 2011 . In brief, spermatozoa (5 x 10 6 /mL) were separated from each sample, washed in PBS and fixed in a 2%
paraformaldehide solution in 0,1M PBS (pH 7.6) for 15 minutes at room temperature. Cells were then Non-sperm events were eliminated gating the sperm population after Hoechst 33342 staining. The instrument was calibrated daily using specific calibration beads provided by the manufacturer, and compensation overlap performed before each specific experiment.
Statistical analysis
All experiments were repeated at least three times in independent samples (three independent ejaculates from each of the seven stallions) and the results analyzed using ANOVA with the SPSS. 19.0 software for Mac. Differences with a P value < 0.05 were regarded as significant
RESULTS
Identification and subcellular localization of phosphorylated AkTt (Ser
473
) and Akt (Thr 308 ) in stallion spermatozoa.
The presence of phosphorylated Akt in stallion spermatozoa was demonstrated using specific antibodies, western blotting, flow cytometry and confocal laser microscopy. Akt was mainly identified in the caudal part of the post-acrosomal region and the mid-piece (Figure 3 ). This subcellular localization complies with a putative role; inhibiting pro-apoptotic proteins localized in the mitochondrial membrane.
Inhibition of Akt leads to reduced stallion sperm motility and kinematics
To study the role of AKT in the maintenance of stallion sperm motility, split samples of stallion however after 4 hours of incubation differences among control and treated samples were no longer different (Figure 4) , the same effect was observed using Akt 1/2 inhibitor (Fig 9 D) . After one, two, four or six hours of incubation, sperm motility and velocities were determined using CASA analysis. After one hour of incubation, both Akt inhibitors induced, at 30M, a significant decrease in the percentage of total motile spermatozoa (30% vs 50% in controls), progressive sperm (6% vs 18% in controls), circular (39. 5 vs 63.5 m/s in controls), average (21.5 vs 36.7 m/s in controls) and straight line velocities (12.5 vs 21m/s in controls) (p<0.05). After two hours of incubation at 37º C, the inhibitors significantly reduced circular velocity and average velocity (p<0.05) ( figure 5 and figure 9 A and B) . These data suggest that AKT plays a role in the regulation of stallion sperm motility and velocities. After 4 and 6 hours of incubation all parameters of sperm motility and kinematics were reduced (p<0.01), independently of treatment.
Inhibition of Akt increases sperm membrane permeability and leads to sperm death
In order to determine whether Akt relates to early changes in membrane integrity and permeability, stallion spermatozoa were analyzed using flow cytometry after incubation in presence or absence of the Akt inhibitor in BWW media up to 6 hours at 37ºC. After one hour of incubation at 37ºC, the percentage of spermatozoa with intact membranes decreased significantly (p<0.05) from 50% in controls to 38% in presence of 30M Akt inhibitor. Simultaneously, the percentage of spermatozoa with increased membrane permeability, apoptotic and of necrotic spermatozoa increased (P<0.05)(figure 6). However, the effect of the inhibitor disappeared after longer incubation periods, although the percentage of dead spermatozoa was higher after 6 hours of incubation at 37 ºC in presence of 30M Akt inhibitor.
Pannexin-1 channel is present in stallion spermatozoa, and YoPro-1 uses this channel to penetrate the sperm membrane
In somatic cells YoPro-1 detects early apoptotic cells, since this probe uses specific channels (Pannexin-1) to penetrate the cell membrane; these channels open in the very early stages of apoptosis (Elliott et al. 2009 , Chekeni et al. 2010 , Sandilos et al. 2012 . In order to confirm the presence of this channel in sperm and that YoPro-1 uses the pannexin-1 channel to penetrate the sperm membrane a specific experiment was conducted. . First the presence of Pannexin-1 channels was investigated using Western Blotting and specific antibodies, and secondly the channel was blocked using two unrelated inhibitors (probenecid 1mM an carbenexolone 100m) and sperm was stained with YoPro-1. Pannexin-1 was present in stallion spermatozoa, moreover Probenecid and carbenexolone significantly reduced the percentage of YoPro-1+ (Figure 7 ) spermatozoa supporting that YoPro-1 uptake in this population of spermatozoa is due to the opening of pannexin-1 channels. This may also indicate that these spermatozoa are in a early stage of an apoptotic phenomena similar to the situation described in somatic cells (Chekeni et al. 2010) .
Inhibition of Akt phosphorylation (Ser 473 ) and (Thr 308 ) increases caspase 3 and 7 activity in stallion spermatozoa
One possible mechanism to explain our findings is that the phosphorylation status of Akt participates in the regulation of an apoptotic-like mechanism. To test this hypothesis, we evaluated caspase 3 and 7 activation in stallion spermatozoa after incubation in presence of the Akt inhibitor. If Akt is inhibiting an apoptotic mechanism the inhibition of its activity shall lead to an increase in caspase 3 and 7 activities.
After one hour of incubation, all concentrations tested reduced the percentage of caspase-negative, live spermatozoa in a positive dose-dependent manner (p<0.01), (figure 8). The percentage of caspase 3 positive spermatozoa also increased in a dose dependent manner, being this effect especially evident after four hours of incubation at 37º C (figure 8 C). These results indicate that Akt phosphorylation at Ser 473 and Thr308 inhibits caspase 3and 7 activation in ejaculated stallion spermatozoa. In order to provide further evidences supporting that these effects were due to Akt inhibition a further experiment was conducted using simultaneously two different Akt inhibitors (SH-5 and Akt 1-2 Kinase inhibitor 0 and 30μM) and addressing its effects on Akt phosphorylation, sperm motility and velocity and caspase 3 and 7 activation after 1 hour of incubation at 37ºC. Both inhibitors showed similar effects, with a reduction in sperm motilities and velocities, increases in caspase 3 and 7 activities and in dephosphorylation of Akt (figure 9).
Inhibition of Akt reduces mitochondrial membrane potential in stallion spermatozoa
To study the effect of the inhibition of Akt phosphorylation on sperm mitochondria two different assays were performed. Mitochondrial membrane potential was studied after JC-1 and Mitotracker deep red staining. Inhibition of Akt phosphorylation affected, in a dose and time dependent manner, mitochondrial membrane potential of stallion spermatozoa. After one hour of incubation, 30M of Akt inhibitor significantly reduced mitochondrial membrane potential, evaluated with two probes (figures 10 and 11).
After two hours of incubation, 20 and 30 M of Akt inhibitor decreased mitochondrial membrane potential when determined with mitotracker deep red (figure 10), but not with JC-1. For the latter, mitochondrial membrane potential was only significantly decreased at 30 M (figure 11).
Inhibition of Akt does not increase the production of reactive oxygen species (ROS), mitochondrial superoxide production and DNA oxidation, and does not increase DNA fragmentation
Since disruption of mitochondria may lead to increased ROS-production and oxidative stress (Koppers et al. 2008) , the effect of an Akt inhibitor was tested. However, the differences observed in the production of ROS were not statistically significant (figure 12). Neither was there an increase in mitochondrial superoxide production when Akt phosphorylation was inhibited (data not shown). Moreover, inhibition of Akt phosphorylation did not lead to significant increases in DNA oxidation on stallion spermatozoa (data not shown). Since DNA fragmentation is a landmark of apoptosis, a TUNEL assay was used, but inhibition of Akt had no significant effect on the percentage of fragmented DNA (data not shown).
DISCUSSION
The presence and role of Akt in stallion spermatozoa was investigated using specific inhibitors. The overall results indicated that Akt maintains sperm survival after ejaculation through the inhibition of caspase 3 and 7. The PI3 kinase/Akt pathway has been previously studied in spermatozoa using specific inhibitors such as Wortmannin and LY294002, but to the authors´ knowledge this is the first time that a specific inhibitors of Akt are used to study the Akt pathway in mammalian spermatozoa, and reveals a direct effect of Akt inhibiting caspase 3 and 7, since Akt inhibition rapidly lead to caspase 3 and 7 activation. The data thus suggest that inhibition of an apoptotic like mechanism, probably sperm specific, plays a role in the survival of ejaculated stallion spermatozoa, and confirm similar recent findings in humans (Koppers et al. 2011) supporting the idea that post ejaculatory survival of stallion and human spermatozoa is tightly regulated through the inhibition of an truncated apoptotic cascade. This inhibition is lost over the incubation time, since spontaneous dephosphorylation of Akt occurs, suggesting that this is a mechanism to remove redundant spermatozoa in the female genital tract (Aitken et al. 2011) . Our study suggest that Akt is necessary to maintain sperm motility, viability and mitochondrial membrane potential through an inhibition of the activation of caspases 3 and 7. This was hereby demonstrated by the rapid increase in caspase 3 and 7 activity upon inhibition of Akt. Inhibition of Akt was accompanied by decreases in the percentage of sperm motility and velocity, increases in sperm membrane permeability and decreases of mitochondrial membrane potential, all suggesting a role for Akt in maintaining sperm viability. Although we show evidence for each point, the link between them remains to be determined.
These findings strongly suggest that stallion sperm death during storage is largely an apoptotic phenomena, as has been previously proposed (Ball 2008 , Ortega-Ferrusola et al. 2008 , da Silva et al. 2011 , Macias Garcia et al. 2012 . Other forms of sperm dead during storage are also possible, and after 6 hours of storage we evidenced and increase in the percentage of necrotic sperm incubated in presence of 30 M SH-5, however most of these population are also caspase +, suggesting an apoptotic phenomena behind, moreover when a different Akt inhibitor was used the same effect was reproduced further suggesting that Akt inhibition leads to a truncated apoptotic pathway leading to cessation of sperm motility and death. Although we present strong evidences of the existence of this pathway remains to be fully described; for example recent evidences suggest that a extrinsic, mediated by death receptors, pathway may also be present in spermatozoa (Macias Garcia et al. 2012 , Mendoza et al. 2013 Moreover we demonstrated for the first time the presence of Pannexin-1 channel in stallion spermatozoa, and a putative role in early stages of membrane destabilization is proposed as evidenced in somatic cells (Elliott et al. 2009 , Chekeni et al. 2010 ; in addition, since YoPro-1 uptake occurs through pannexin-1 channels, the value of the YoPro-1 assay in the detection of this early stages of apoptosis was evidenced.
Recently we demonstrated a high and negative correlation between YoPro+ spermatozoa and ATP content in stallion spermatozoa (Balao da Silva et al. 2013) , further supporting this theory, since ATP depletion in early apoptotic cells occur through pannexin-1 channels as well (Elliott et al. 2009) Apoptotic mechanisms are involved in cryodamage in mammalian spermatozoa (Ortega Ferrusola et al. 2010 , Said et al. 2010 and recently anti-apoptotic proteins have been successfully used to improve sperm survival after thawing (Shimokawa et al. 2012) . In our experiment, Akt inhibition was not accompanied with increased ROS production and DNA fragmentation, contrary to findings in humans where inhibition of PI3K was accompanied with increased mitochondrial production of reactive oxygen species and oxidative DNA damage, but without changes in mitochondrial membrane potential (Koppers et al. 2011 ).
This discrepancy could be attributed to species differences and/or to the differential effect of the inhibitor used in the PI3K/AKT pathway, since we inhibited specifically Akt, that is located downstream of PI3K.
Inhibition of PI3K may also affect other downstream targets. In relation to this, inhibition of PI3K results in an increase in cAMP levels and in the tyrosine phosphorylation of PKA-anchoring protein AKAP3 in human spermatozoa, suggesting a negative role for PI3-K in the regulation of motility (Luconi et al. 2001 , du Plessis et al. 2004 , Luconi et al. 2005 . Moreover, studies in pig spermatozoa showed no effect of PI3K on the percentage of motile or progressive motile spermatozoa, but evidenced an increase in sperm velocity (Aparicio et al. 2005) . In addition, both Wortmannin and LY294002 lack specificity and provoke different responses on spermatozoa (Nauc et al. 2004) . A recent study (Pujianto et al. 2010) showed more intense changes in caspase activation and motility decreases after incubation of human spermatozoa in presence of an Akt inhibitor than in presence of the PI3K inhibitor Wortmannin. In contrast to human sperm, Akt inhibition in stallion spermatozoa decreased mitochondrial membrane potential but did not lead to oxidative stress, thus supporting the existence of species-specific features in the apoptotic mechanisms in sperm senescence. Previous reports from our laboratory indicate that the mitochondrial permeability transition pore has a role in the apoptotic mechanism associated to sperm senescence induced by cryopreservation (Ortega Ferrusola et al. 2010) ; agreeing with the role of Akt preventing translocation of Bax from the cytosol to the mitochondria.
Inhibition of Akt did not result in significant increases of DNA fragmentation, suggesting that this apoptotic mechanism does not lead to DNA damage, as has previously been suggested in human spermatozoa (Aitken & Koppers 2011 , Koppers et al. 2011 , Aitken et al. 2012 . This has been attributed to the special architecture of the spermatozoa that prevents endonucleases activated during the apoptotic process at the mid-piece, to reach the sperm nucleus (Koppers et al. 2011) . Another possible explanation arises due to the relatively high resistance of stallion spermatozoa to oxidative insults when compared to those in human (Ortega Ferrusola et al. 2009 ), a factor that probably relates to the different lipid composition of the sperm membranes between species (Garcia et al. 2011 , Macias Garcia et al. 2011 .
Multicolor flow cytometry for the study of sperm biology is worth mentioning, alongside the development of new assays for the simultaneous evaluation of several sperm characteristics and to improve the discrimination from debris in the analysis, a major concern in many flow cytometric sperm assays (Petrunkina & Harrison 2010 , Petrunkina & Harrison 2011b , Petrunkina & Harrison 2011a . In short, inhibition of a sperm-specific apoptotic mechanism is involved in the survival of stallion spermatozoa after ejaculation; this special form of apoptosis in spermatozoa could well be termed spermptosis. Regulation of sperm survival after ejaculation emerges as an interesting area of research with relevant implications for the study of infertility in humans, particularly for the lack of studies dealing with intrinsic sperm dysfunction, and developments of reproductive technologies in animals. In addition, stallion spermatozoa experiences an apoptosis phenomenon leading to cellular senescence after ejaculation sharing biochemical and molecular characteristics with human sperm, thus emerging as a suitable model for the study of apoptotic mechanisms involved in male factor human infertility
